The paper describes the fabrication and chemical applications of polymer microchannel chips, with special reference to in situ observations of the chemical/physical processes occurring in polystyrene microchannel chips, including those in microchannel-microelectrode/microheater chips. On the basis of absorption/fluorescence microspectroscopy and microelectrochemistry techniques, we show some characteristic features of liquid/liquid extraction, electrochemical responses, and photochemical/electrochemical/thermal synthetic reactions in microchannel chips.
introduction
The research field of "Microchemistry", first proposed by Masuhara in 1988, 1 has expanded in the past two decades on the basis of potential applications of optical microscopes, lasers, and microfabrication techniques. Such studies demonstrated some characteristic features of the chemistry in micrometer dimensions, that are different from those in a conventional bulk system. In micrometer dimensions, as an example, the surface area/volume ratio (A/V) of various materials such as reaction vessels, particles, droplets, and so forth, is one of the important factors determining the chemical and physical properties of the material. In practice, some chemical processes have been shown to be dependent on the size of a material: microdroplet or microparticle. [1] [2] [3] [4] [5] [6] [7] A large A/V ratio of a material is also very favorable for efficient heat management: fast heating/cooling cycles. Furthermore, it is clear that a minute volume is characterized by low amounts of chemicals/solvents, low energy, a short diffusion distance of each molecule, and so forth; 1 all these aspects are advantageous over those of a conventional bulk system. Therefore, the chemistry in micrometer dimensions is very fascinating and could provide novel possibilities towards further advanced areas of research.
A microchannel chip is a principal element developed for a miniaturized total analysis system (m-TAS) 8 and it would be also a very suitable device to conduct microchemistry, since a very small amount of a solution can be handled by appropriate methods. For example, when two mutually miscible solutions are introduced separately into a Y-structured microchannel chip, the solutions are not mixed immediately at the channel junction, but are mixed gradually along solution flow to the downstream side of the junction. Furthermore, solution flow characteristics such as mixing, separation, flow profile, and so on can be controlled by channel dimensions (size and structure) and flow rates. 8e Although control of solution mixing/separation is in general very difficult in a bulk system, that can be easily done in a microchannel chip. This is one of the important advantages of a microchip over a bulk system.
On the basis of microfabrication techniques, furthermore, one can integrate one or more microelectrode(s) or microheater(s) in a channel chip. 8d This provides potential means to conduct electrochemistry or thermal chemistry in micrometer dimensions. By using an optically transparent microchannel chip in the visible region, one can combine microchip experiments with absorption/ fluorescence/Raman microspectroscopies. Characteristic chemical and physical processes occurring in micrometer dimensions can thus be followed directly by such techniques. Microchannel chips are indeed versatile tools to conduct microchemistry.
In the early stage of the study on m-TAS, a silicon substrate has been utilized as a chip material. 8a Although microfabrication techniques for a silicon substrate have been already established, 9 it is very difficult for ordinary chemists to fabricate a silicon microchip. Furthermore, a silicon microchip is in general unfavorable for optical spectroscopy. To overcome such drawbacks of a silicon substrate, many researchers have employed a glass substrate as a chip material. Since a glass substrate is inert to organic solvents and is transparent in the UV-Vis regions, a glass microchip is certainly suitable for various chemical experiments.
Nonetheless, since the On the basis of such processing techniques, polymer microchannel chips have been so far fabricated and utilized in various chemical experiments: polystyrene (PSt), poly(methyl methacrylate) (PMMA), poly(dimethylsiloxane) (PDMS), and so forth. 8e Bonding between polymer microchannel and cover substrates can be also done without difficulties as compared with bonding between silicon or glass substrates. As a main drawback, organic polymer solids are not necessarily inert enough to organic solvents. If one utilizes the advantages of an organic polymer substrate, however, polymer microchannel chips can still play important roles in various chemical researches, in particular, those conducting in micrometer dimensions. On the basis of polymer microchannel chips, we have already conducted spectroscopic, electrochemical, spectroelectrochemical, and synthetic works on various systems to demonstrate characteristic features of the chemistry in a microchannel chip and, thus, in micrometer dimensions. In this article, we overview our recent results on the chemical and physical characteristics observed by polystyrene microchannel chip experiments.
Fabrication of Polymer microchips and microchemical techniques 2·1 Fabrication of polymer microchips
The fabrication of a polymer microchannel chip based on an imprinting method (i.e., hot embossing) has been reported by Martynova et al. in 1997 by using PMMA as a substrate and a metal wire or designed silicon substrate as a template. 10 They reported that PMMA is the best material for a microchip, since PMMA is the least hydrophobic of the more common plastic materials and can be processed thermally at around 105 -135˚C. We also tested several polymeric materials, and found that a commercially available polystyrene substrate (PSt, Tamiya Co. Ltd.) was the best material for our research purposes: easy fabrication, optically transparent in the visible region (>400 nm), modest resistivity to several organic solvents, and low cost.
The fabrication procedures of PSt microchannel chips employed in our research group are shown schematically in Fig. 1 . We use a glass or silicon template fabricated by photolithography and wet/dry etching techniques (Fig. 1a) . 11, 12 In actual experiments, as an example, a PSt substrate and a silicon template are fastened tightly between two glass plates (5.5 g/plate) and heated at 108˚C (in an oven) for 25 min to transfer the embossed structure on the template to the polymer substrate: microchannel substrate. The substrate is then bonded with another flat PSt substrate by pressing the two substrates between two glass plates at 108˚C for 18 min; the resulting combination can be used as a microchannel chip (Fig. 1b) . Figure 2a shows the SEM images of the cross-section of the silicon template and the fabricated PSt microchannel chip. It is clear that the embossed structure on the template with the height and width of 20 and 100 mm, respectively, has been transferred successfully to the PSt substrate, giving the channel dimensions of 20 mm (depth) and 100 mm (width). For other channel dimensions, various structured microchannels can be fabricated by the imprinting method, a typical example being shown schematically in Fig. 2b .
It is worth emphasizing that a microelectrode(s) or microheater(s) can be also integrated very easily in a PSt microchannel chip; the relevant procedures are shown in Fig.  1c . [13] [14] [15] [16] [17] [18] Typically, a thin metal film (Pt, Au, or Ag) is deposited directly onto a PSt substrate in vacuum and the structure of a microelectrode/microheater on the PSt substrate is fabricated by photolithography/etching of the metal layer. The microelectrode/ microheater is then buried into the PSt substrate by pressing the substrate between two glass plates at 108˚C. When an electrode/ heater is integrated in a microchannel, the finite thickness of the electrode/heater on the channel substrate makes it difficult to bond with some other substrate, and it also disturbs the solution flow in the channel. Therefore, softening of a polymer substrate upon heating is a very important property for a chip material, if one wants to bury an electrode/heater into the substrate. The channel and electrode/heater substrates, once fabricated, are then bonded by procedures analogous to those mentioned above. Based on such procedures, one can very easily fabricate working (WE), counter (CE), and reference electrodes (RE), and their bonding pads for connection with an external electrochemical apparatus, a typical example being shown in Fig. 2c. 14 Polystyrene channel chips integrated with a microelectrode(s) or microheater(s) with various dimensions have been fabricated in our research group, as described later in detail. Prior to bonding between the channel and cover substrates, holes (0.5 mmf) were drilled on the cover PSt substrate for tubing the chip with a programmable syringe pump via a fused-silica capillary tube(s).
The connection between the capillary tube and the hole on the microchip was made by an epoxy resin.
In this article, we describe our experimental results by using Y-structured PSt microchannel chips (see also Fig. 2b , left) with the channel width and depth being set at 100 and 20 mm, respectively, unless otherwise noted (in sect. 3·1). Throughout the article, we use the terminology of a flow rate (u); u is given by mm -cm/s or min (flow velocity) for spectroscopic and electrochemical works (in sects. 3·1 -3·3), while a mL/s or mL/min unit is used to explain the results from the synthetic works (sect. 3·4).
2·2 microspectroscopy and microelectrochemistry systems
Various chemical reactions and chemical/physical phenomena proceeding in a microchannel chip can be followed in situ by spectroscopic and electrochemical techniques under an optical microscope, a typical experimental setup being shown in Fig. 3 . [13] [14] [15] [16] [17] [18] For spectroscopic measurements, incident light from an Xe lamp or laser is introduced to an optical microscope through an objective lens and irradiated to the sample solution in the microchannel chip placed on the stage of the microscope: irradiated spot size = 2 -3 mm. For absorption spectroscopy, transmitted light passed through the sample solution is reflected by a half mirror set below the microscope stage and introduced to a photodetector to record an absorption spectrum. For emission spectroscopy, the emission from the sample is collected by the objective lens and introduced to a photodetector via an optical fiber. Raman spectroscopy/imaging can be also conducted by an analogous experimental setup. 19, 20 By using a picosecond laser as an incident light source and a single photon counting system as a detector, 21 one can also perform picosecond time-resolved emission spectroscopy by using a microchannel chip. 15 Besides our experimental approaches, Kitamori et al. have reported thermal lens spectroscopy for in situ observations of the phenomena proceeding in glass microchannel chips. 22 For non-absorbing and non-fluorescent samples in the visible region, photothermal spectroscopy plays important roles in conducting microchip experiments. For electrochemical measurements, WE, RE, and CE electrodes integrated in a microchannel chip are connected with an electrochemical analyzer. Thus, various electrochemical measurements can be done in ways that are similar to conventional experiments: voltammetry, amperometry, and so forth. By combining a microchannel-microelectrode chip with an absorption microspectroscopic technique, furthermore, one can conduct spectroelectrochemical experiments as described later in detail. 16 In these experimental modes, spatially-resolved measurements under solution flow conditions provide invaluable information about phenomena proceeding in a microchannel chip. As an example, solution mixing processes started at the junction of two microchannels can be followed by spatially-resolved absorption/emission spectroscopy along with solution flow to the downstream side of the junction. A short-lived redox intermediate generated at the electrode in a microchannel can be elucidated by a spectroelectrochemical technique. Besides analytical works, photochemical, electrochemical, and thermal synthetic reactions can be also conducted by using PSt microchannel chips. These studies are described in the following sections.
microchemical applications of Polymer
Channel Chips
3·1 microspectroscopy
When water and immiscible oil solutions are introduced separately to a Y-structured microchannel chip at the same flow rate (u), two parallel oil/water streams flow to the downstream side of the channel junction. During such solution flow, a solute is likely to distribute from the one phase to another phase. Thus, liquid/liquid extraction experiments are one of the fundamental applications of a microchannel chip and have been studied extensively in the past decade: extraction of organic dyes, metal ions, metal chelates, and so on. 23 Among more sophisticated experiments, furthermore, counter-current liquid/liquid extraction in a microchannel chip 24 and liquid/liquid extraction of a synthetic product in a microreactor system have been also demonstrated. 25, 26 Liquid/liquid extraction processes can also be in situ monitored by spatially-resolved spectroscopy along solution flow in a microchannel: fluorescence 10, 11 or thermal lens spectroscopy. 23b-f This provides information about the dynamics of liquid/liquid extraction processes. As such an example, we describe here a fluorescence microspectroscopy study on waterto-oil liquid/liquid extraction of a metal chelate in PSt microchannel chips in the followings. 11, 12 Aqueous aluminum o,o¢-dihydroxyazobenzene (Al-DHAB, 6.0 ¥ 10 -4 mol/dm 3 (= M)) and butanol solutions are introduced to a Y-structured PSt microchannel (width = 200 mm and depth = 10 mm) chip at the same flow rate (u = 1.5 cm/s) to produce parallel oil/water streams at the channel junction as shown in Fig. 4 . The extraction processes of Al-DHAB from the water to butanol phase are in situ monitored by fluorescence microspectroscopy. Al-DHAB is almost non-fluorescent in water, while that extracted to the oil phase shows strong fluorescence. Therefore, the fluorescence intensity of Al-DHAB in the oil phase is used as a measure of the extraction efficiency. By monitoring the fluorescence from the oil phase separated 30 mm from the oil/water interface along the downstream side of the junction (X), one can study the dynamics of the water-tobutanol extraction processes. Figure 4 shows the position (X) dependence of the fluorescence intensity. The fluorescence intensity becomes strong with an increase in X, demonstrating that water-to-oil extraction of Al-DHAB proceeds along solution flow to the downstream side in the microchannel. Figure 5a shows the X dependences of the fluorescence intensity at several flow rates. At a given X, the fluorescence intensity is stronger at a slower flow rate, indicating that the contact time between the water and oil phases determines the fluorescence intensity and, thus, the extraction efficiency. The contact time between the water and oil phases (t) at a given X is calculated by t = X/u. The t dependence of the fluorescence intensity is shown in Fig.  5b . It is clear that the data at three flow rates fall on a single curve, which proves that the extraction efficiency is governed by the water/oil contact time. The data in Fig. 5b also indicate that water-to-butanol extraction of Al-DHAB finishes within 10 s, reflecting the short diffusion distance of Al-DHAB in micrometer dimensions.
One of another important aspects in the use of a polymer microchip is its versatility in the fabrication; PSt microchannels having various sizes and shapes can be fabricated by the imprinting method. As an example, the fabrication of a non-flat side-walled microchannel is very difficult using a silicon or glass substrate, while that can be done easily by using a polymer substrate. In practice, Kenis et al. have reported the fabrication of zigzag-structured PDMS microchannel chips and demonstrated that the structure of the channel side-wall reflected on the liquid/ liquid interfacial structure. 27 Mengeaud et al. also reported zigzag side-walled poly(ethylene terephthalate) microchannel chips and showed that the structure of the side-wall governed the solution flow profile in the channel. 28 We also fabricated symmetrical-and unsymmetrical zigzag side-walled PSt microchannel chips on the basis of the template method. Their structures and channel sizes are shown schematically in Fig. 6 : channel depth = 20 mm. We found that the oil/water interface in the symmetrical zigzag side-walled microchannel was flat (Fig.  6a) , while that in the unsymmetrical zigzag side-walled channel became sinusoidal (b) , demonstrating that the oil/water interfacial structure could be modulated by the shape of a microchannel. 12 It is worth emphasizing that the oil/water contact area is larger for the sinusoidal interface in the unsymmetrical zigzag side-walled microchannel as compared with that in the symmetrical one. Reflecting such solution flow characteristics, some water/oil extraction experiments similar to those in Figs. 4 and 5 demonstrated that the extraction efficiency of Al-DHAB was higher for the unsymmetrical zigzag microchannel as compared with that in the symmetrical one. In micrometer dimensions, the shape of a microchannel chip is also a very important factor governing chemical and physical phenomena.
3·2 microelectrochemistry
Polystyrene microchannel chips have been integrated with microelectrodes as described in sect. 2. In the case of the microchannel-microelectrode chip shown in Fig. 2c , two Au working electrodes (WE1 and WE2) with the width of 47 mm are fabricated perpendicularly to the direction of the channel length, with the two electrodes being separated by the edge-toedge distance of 68 mm (Fig. 7) . Thus, the length of each WE was 100 mm, equal to the channel width. Besides the two WEs, an Ag reference electrode (width = 200 mm) is set in the microchannel chip.
The characteristics of the electrochemical responses in the microchannel chip have been studied on the basis of generationcollection (GC) mode experiments.
In the GC mode experiments, a solute is electrolyzed at one electrode (generator electrode, GE) and the electrolyzed solute is oxidized or reduced at the adjacent electrode (collector electrode, CE). 29 In the experiments in Fig. 7 , we employed WE1 (upstream side) and WE2 (downstream side) as GE and CE, respectively.
14 A typical example of the voltammograms of 1-hydroxyethylferrocene (FeCp-OH, 1.0 ¥ 10 -3 M in an aqueous 0.1 M KCl solution) recorded at GE and CE is shown in Fig. 7 . At a potential sweep rate (n) of 5 mV/s without solution-flow in the microchannel, the voltammogram observed at GE exhibited peak currents (Fig. 7a) . Since the length of the microelectrode used is 100 mm (= channel width), the electrochemical response is characterized by hemicylindrical diffusion, giving rise to the quasi-steady state current in the voltammogram. 29 On the other hand, the voltammogram observed at CE showed a sigmoidal shape, in marked contrast to that at GE. Since the cover substrate of the microchannel chip restricts diffusion of the FeCp-OH cation produced at GE toward the upper side of the electrode, the cation is forced to diffuse to both sides of GE along the channel length. Therefore, efficient mass feed takes place to the adjacent CE, leading to the sigmoidal-shape voltammogram. Reflecting such characteristics, the collection efficiency (h) of the FeCp-OH cation at CE, defined as the ratio of the current (i) at CE to that at GE (h = i(CE)/i(GE)), should be 50% in the maximum value. In the actual experiments, the h value was 45%. The results demonstrate that restricted diffusion of the cation due to the presence of the channel cover gives rise to the high collection efficiency in the GC mode experiments, and this is one of the important characteristics of the electrochemical responses in the microchannel chip.
Unlike the voltammograms observed at GE and CE without solution-flow, those under solution-flow conditions (u = 8.3 mm/s and n = 20 mV/s) showed sigmoidal curves (Fig. 7b) . This is essentially due to the fact that efficient mass transport of FeCp-OH or FeCp-OH cation to GE or CE, respectively, takes Fig. 6 Channel shape effects on the water/oil interfacial structure in a symmetrical (a) and unsymmetrical zigzag side-walled PSt microchannel chips (b) . The water and oil phases are stained by blue and red dyes, respectively, for clarity. place by both diffusion and solution flow. On the other hand, the h value under solution flow was much lower than that without solution flow: 28%. It is worth noting that the h value is independent of n in the range of 5 -50 mV/s. The electrode reaction of the FeCp-OH cation at CE is fast enough and thus mass transport of the cation is governed essentially by solution flow. Therefore, the collection efficiency is independent of the potential sweep rate (5 -50 mV/s) at such a fast solution flow rate: u = 8.8 mm/s. Although the data are not shown here, the collection efficiency becomes higher at a slower flow rate; under the optimum conditions, the h values as high as 87% have been achieved at u = 30 mm/s.
14 It is worth emphasizing that the h value of 87% is surprising even for the edge-to-edge GE-CE distance of 68 mm, since such a high collection efficiency is realized only with an interelectrode distance of several micrometers for ordinary dual-band microelectrodes.
29c Therefore, solution flow in the microchannel provides extraordinary effects on the h value. This could be the most important characteristics of the electrochemical responses in the microchannel-microelectrode chip, and such a system would be applicable to a high sensitive detection system in m-TAS and other related systems. 30 
3·3 Spectroelectrochemistry
Further advanced studies using a microchannel-microelectrode chip have been demonstrated by combining with a microspectroscopy technique. 16 So far, a spectroelectrochemical study has been conducted by using an optically transparent thin layer electrochemical cell. 31 In such a study, a thin metal mesh WE placed between two transparent glass plates is immersed in a sample solution and the solution is introduced to the glass cell by capillary action. Upon electrolysis of the solution by the mesh WE, one can record an absorption spectrum of the electrolyzed sample. The technique has been used in various research areas. 31 However, the sample volume is not necessarily low enough and a short optical pathlength of the cell is not necessarily favorable to record the absorption spectrum with good signal-to-noise (S/N) ratios.
Therefore, a spectroelectrochemical study in a microchannel chip under an optical microscope has high potential to observe the spectrum with good S/N ratios. In practice, microfluidic electrode devices have been combined successfully with a spectroscopic technique, with a typical example being in situ monitoring of electrogenerated chemiluminescence and a redox intermediate in glass microchannel chips. 32 Besides such studies, we have reported a spectroelectrochemical study on perylene (Pe) in PSt microchannel-microelectrode chips. 16 In chip experiments, a microchannel-microelectrode chip is set on the stage of an optical microscope and absorption spectroscopy is conducted simultaneously during electrochemical measurements (Fig. 3) . A propylene carbonate (PC) solution of Pe (3.0 ¥ 10 -3 M) and tetra-n-butylammonium perchlorate (TBAP, 0.1 M) was introduced to the microchannel chip and Pe was electrolyzed under the conditions of an applied voltage (V) of 1.1 V (vs. Ag, electrode width = 500 mm) and u = 0.83 mm/s. Absorption spectroscopy of the electrolyzed solution in the channel was conducted at 30 mm in the downstream side of the electrode. Before electrolysis of the solution, Pe shows structured absorption in the wavelength region of 380 -450 nm, as shown by the black curve in Fig. 8a . Upon electrolysis, the absorbance responsible for Pe decreased and this accompanied the increase in the absorbance at around 540 nm: shown by the red curve in Fig. 8a . The new absorption band that appeared upon electrolysis agreed very well with that of the cation radical of Pe. 33 As shown in Fig. 8b , furthermore, the potential dependence of the absorbance of Pe at 438 nm (molar absorptivity, e = 4.15 ¥ 10 4 M -1 cm -1 ) or that of the absorbance of the cation radical of Pe at 538 nm (e = 4.8 ¥ 10 4 M -1 cm -1 ) 34 coincides very well with the voltammogram of the solution (data are not shown here). The results demonstrate that correct and accurate spectroelectrochemical measurements can be conducted on the basis of the PSt microchannel-microelectrode chip and absorption microspectroscopy. Figure 9 shows the solution flow rate dependence of the absorption spectrum of the Pe solution. The results demonstrate clearly that the slower the flow rate is, the larger the decrease or increase in the absorbance of Pe (380 -450 nm) or cation radical of Pe (538 nm), respectively, is. Furthermore, the increase in the absorbance at 538 nm accompanies the appearance of a new absorption band at around 510 nm. It has been reported that the cation radical of Pe in a polar solvent is likely to react with a neutral Pe molecule and this produces the face-to-face Pe dimer cation radical, showing the absorption spectrum at around 510 nm. 35 Therefore, the new band that appeared at around 510 nm in Fig. 9 is ascribed to the dimer cation radical of Pe. Although the absorption spectrum of the Pe dimer cation radical has been reported by using the thin layer cell experiments at a high Pe concentration, 35a the microchannel-microelectrode chip experiments under solution flow conditions enable one to produce steadily and efficiently the Pe dimer cation radical, which proves the high potential of the microchip-absorption microspectroscopy system.
3·4 microreactors
Liquid/liquid interfacial extraction proceeds very efficiently in a microchannel chip as described in sect. 3·1. When a liquid/liquid interfacial reaction in a microchannel chip is combined with liquid/liquid extraction of the reaction product along solution flow, such a chip system could serve as a microreactor. Furthermore, the microchannel chip integrated with an electrode or heater can be used as an electrochemical or thermal synthetic reactor, respectively. In the following, our synthetic applications of PSt microchannel chips are described. 3·4·1 Liquid/liquid interfacial photoreaction in microchannel chips Photoirradiation of an aromatic hydrocarbon (ArH, electron donor) and 1,4-dicyanobenzene (DCB, electron acceptor) in a polar medium is known to give rise to formation of the cation radical of ArH and the anion radical of DCB. In the presence of a cyanide ion (CN -), the cation radical of ArH is subjected to a nucleophilic attack by CN -, leading to the cyanated product of ArH:ArCN. 36 Photoreaction analogous to that mentioned above proceeds in a water/oil interfacial system in the presence of CNand ArH/DCB in the water and oil phases, respectively. 3, 6, 37 In the case of microchip experiments, 25 an aqueous solution of NaCN (1 M) and a propylene carbonate (PC) solution of pyrene (PyH, 2.0 ¥ 10 -2 M) and DCB (4.0 ¥ 10 -2 M) are introduced to a Y-structured PSt microchannel chip at u = 0.2 mL/min as shown schematically in Fig. 10. Upon photoirradiation (l > 330 nm) of the whole of the microchip, the photocyanation reaction of PyH proceeds at the water/PC interface in the microchannel. As a typical example, the gas chromatograms of the oil and water phases collected at the channel exit are shown in Fig. 10 . As seen clearly in the figures, 1-cyanopyrene (PyCN) was obtained exclusively from the oil phase, while no product was confirmed from the water phase, demonstrating that water/oil interfacial photoreaction of PyH and water/oil extraction of PyCN proceeded simultaneously in the microchannel chip. It is worth emphasizing, furthermore, that the results in Fig. 10 demonstrate clearly that the water and oil phases are separated completely at the channel exit, similar to the results shown in Fig. 6 . Therefore, a PSt microchannel chip fabricated by an imprinting method can be easily used as a microreactor. In the case of the experiments at u = 0.2 mL/min in Fig. 10 , the PyCN yield was 29% with the reaction time (t) of 210 s: t = total channel length (3.5 cm)/u. The water/oil contact area in a microchannel is one of the factors governing the efficiency of an interfacial reaction. Therefore, by using a water (NaCN)/PC (PyH/DCB)/water (NaCN) threephase microchannel system, the PyCN yield can be improved to 72% at u = 0.2 mL/min. 25 The reaction yield for a liquid/liquid interfacial reaction in a microchip can thus be controlled by the water/oil contact area (channel design) and the reaction time (flow rate). It has been also reported that a zigzag-structured metal thin film can be prepared at a liquid/liquid interface in a zigzag side-walled PDMS microchannel chip. 27 Similarly, liquid/liquid and liquid/solid (i.e., catalysis) interfacial reactions in polymer 38 and glass microchannel chips have been shown to proceed efficiently. 39 Therefore, there are a number of possible applications of microchannel chips to interfacial synthetic reactions. 3·4·2 electrochemical reaction in microchannel-microelectrode chips The cation radical of PyH can be also generated electrochemically. (Fig. 11a) . 17 As often happens with bulk electrolysis, Py(CN)2 is produced owing to oxidation of PyCN Fig. 10 Gas chromatograms of the oil phase before (dotted curve) and after the photoreaction (solid curve, a), and that of the water phase after the photoreaction (b) . The concentrations of PyH and DCB in PC were set at 2.0 ¥ 10 -2 and 4.0 ¥ 10 -2 M, respectively, and that of NaCN was set at 0.1 M. The two solutions were introduced separately to a Y-type microchannel chip at the same flow rate (0.2 mL/min) and the whole of the chip was irradiated (l > 330 nm).
(a) (b) and subsequent nucleophilic reaction with a cyanide ion. Analogous electrochemical cyanation reaction of PyH with that mentioned above was conducted by using a Y-structured microchannel-microelectrode chip. An aqueous NaCN (1 M) and a CH3CN solution of PyH (3.0 ¥ 10 -3 M) and TBAP (0.1 M) were introduced separately into the microchip and the two solutions were allowed to mix in the downstream side of the channel junction. The solution was then electrolyzed at the electrode (width along the channel length = 500 mm and length = channel width = 100 mm) set at 10 mm in the downstream side from the channel junction. The gas chromatogram of the reaction mixture obtained by electrolysis at V = 1.5 V (vs. Ag) and u = 0.05 mL/min shown in Fig. 11b demonstrates that the PyCN and Py(CN)2 yields are 61 and 4%, respectively. 17 It is worth emphasizing that the Py(CN)2 yield decreases to 4% as compared with that by bulk electrolysis (14%), though the two data are not necessarily directly comparable. However, since the electrolyzed solution is driven to the downstream side of the electrode by solution-flow, PyCN once produced in the vicinity of the electrode is less likely to be electrolyzed at the electrode, as compared with PyCN produced in a bulk system. This could be the primary reason for the decrease in the Py(CN)2 yield in the chip experiments. Thus, electrolysis of reactants in a microchannel-microelectrode chip under solution-flow conditions enables one to control the product selectivity. In the similar electrochemical cyanation reaction in the PSt microchip with that in Fig. 11 , furthermore, it has been demonstrated that the reaction yield can be also controlled by both the solution flow rate and the electrode position in the microchannel. In a microchannel chip, therefore, the reaction yield and product selectivity are controlled arbitrarily. 17 This is one important characteristic of electrochemical synthetic reactions in a microchip.
3·4·3 thermal reaction in microchannel-microheater chips
It has been well known that thermal heating/cooling cycles take place very quickly in minute domains, so that thermal synthetic reactions in microchannel chips are a fascinating research area. A number of related works have been so far reported. 8c,d,40 In order to conduct and discuss a thermal reaction in a microchip, however, one must know the temperature profile in a microchannel in the vicinity of a heat source. So far, thermocouples or other sensors embedded in a microchannel have been utilized to evaluate the solution temperature. 41 The temperature (T) dependent fluorescence intensity of Rhodamine B (RhB) has sometimes been employed and has succeeded in estimating T in a microchannel. 42 However, the fluorescence intensity of a dye is very sensitive to fluctuations of experimental conditions (i.e., excitation light intensity, sensitivity of a detector, and so on), so that we suppose that the fluorescence intensity method is not always reliable enough. Another possible approach to study the T profile in the solution in a microchannel is the applications of spatially-resolved microspectroscopy and the T-dependent fluorescence lifetime of a dye. 15 An aqueous RhB solution (4.0 ¥ 10 -5 M) was introduced to a microchannel-microheater chip and a voltage (V = 0.5 V) was applied to the microheater (width = 20 mm, length = channel width = 100 mm) to induce heat generation. In a bulk aqueous solution, the fluorescence lifetime of RhB (t) decreases from 2.1 to 0.6 ns on going from 10 to 60˚C. Such T dependent fluorescence lifetime can be used to evaluate the solution temperature in the microchannel.
Spatially-resolved fluorescence lifetime measurements were conducted in the solution phase near the microheater under solution flow conditions. Typical experimental results are summarized in Fig. 12 , where the abscissa is defined as the distance from the edge of the microheater (X) and, the minus or plus sign of X represents the upstream or downstream side of the microheater, respectively. At a voltage applied to the heater of V = 0.5 V, the solution temperature was the highest just above the heater irrespective of the flow rate and, typically, it was around 37˚C at u = 0.1 mL/min. On going from the heater to the downstream side, the solution temperature decreases and is cooled to room temperature at X = 1.0 mm. Even at the same applied voltage (V = 0.5 V), an increase in the solution flow rate gives rise to a lower temperature elevation owing to the decrease in the residence time of the solution above the heater. Although it is not discernible clearly from the data in Fig. 12 , the temperature profile broadens at a faster flow rate since the heated solution is driven to the downstream side faster at a faster flow rate. By setting appropriate flow rate and applied voltage, one can control arbitrarily the temperature profile in a microchannel. 15, 18 Realizing such performances of the microchannel-microheater chip, we conducted the thermal synthetic reaction between malononitrile (MN) and benzaldehyde (BA) in methanol by using microchannel-microheater chips. 18 Methanol solutions of MN and BA were introduced separately to the Y-structured microchannel-microheater chip at the same flow rate and the two solutions were allowed to mix in the downstream side of the channel junction. A microheater with the width of 100 or 200 Fig. 11 Gas chromatograms of the reaction mixtures before (solid curve) and after the electrochemical cyanation reaction of PyH (2.0 ¥ 10 -2 M) in the presence of 1 M NaCN in a bulk system (a, broken curve, 1 h at V = 1.5 V vs. Ag), and that of the reaction mixture colleted from the microchannel exit (b, electrode width = 500 mm and length = 100 mm, V = 1.5 V vs. Ag and u = 0.05 mL/min). mm was set at 1 mm in the downstream side from the channel junction. As the data in Fig. 13 show, benzylidenemalononitrile (BMN) as the reaction product is obtained at a voltage applied to the heater of V = 0.7 V, and the product yield increases with a decrease in the flow rate and, thus, with an increase in the residence time of the reaction mixture above the microheater. Also, the yield becomes higher for the heater with a larger width. These results indicate that the fabricated heater generates certainly heat and the thermal reaction between MN and BA proceeds very efficiently in the microchip. Under the optimum conditions (u = 0.1 mL/min and heater width = 200 mm), the BMN yield was as high as 96% with the reaction time of 84 s, while that obtained by refluxing a bulk reaction mixture for 4 h was ~70%. 18 It is supposed that the reaction yield should be the same thermodynamically and kinetically for both chip and bulk systems. Nevertheless, the reaction yield was observed to be higher in the microchip as compared with that in a bulk system. In the microchip system, BMN once produced is driven to the downstream side of the heater and the mixture is cooled very rapidly, as seen in Fig. 12 . Therefore, decomposition and/or side reactions of BMN will be minimized by one-directional solution flow in the microchannel-microheater chip. This could be the reason for the higher reaction yield in the chip system as compared with that in a bulk system.
Summary and Conclusions
Polystyrene (PSt) microchips presented here were fabricated by an imprinting method. On the basis of photolithography/etching techniques, PSt microchannel chips integrated with a microelectrode(s) or microheater were also shown to be fabricated in an ordinary chemical laboratory without any special facilities and techniques. Furthermore, absorption/ fluorescence microspectroscopy and microelectrochemistry techniques were combined successfully with microchip experiments for in situ observations of the chemical processes occurring in the microchip. Such polymer chip-microanalytical experiments are the basis to pursue the researches on microchemistry and have revealed characteristic features of liquid/liquid extraction, electrochemical responses, and synthetic reactions in microchannels and, thus, in micrometer dimensions.
Besides our reports, polymer channel chips have been widely employed in various research fields. 8, 43, 44 In the early stage of m-TAS studies, it was expected that industrialization of a microchip or m-TAS would provide inexpensive and disposable tools in chemical laboratories. 8a It is worth noting that it has been realized partly by using a polymer microchip, with the representative example being a commercially available polymer microchip for electrophoresis. It is certainly true that a polymer channel chip is not almighty and may be disadvantageous in respect to the resistivity toward organic solvents. On the other hand, although a glass microchannel chip is inert to organic solvents and plays important roles in synthetic reactions in microreactors, its fabrication is in general very difficult for ordinary chemists as mentioned before. Therefore, both polymer (PSt, PDMS, PMMA, and so forth) and glass microchannel chips would play important roles even in the next generation of the related researches.
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